Thyroid hormone (3,5,3-triiodo-L-thyronine or T3) exerts a pleiotropic activity during central nervous system development. Hypothyroidism during the fetal and postnatal life results in an irreversible mental retardation syndrome. At the cellular level, T3 is known to act on neuronal and glial lineages and to control cell proliferation, apoptosis, migration, and differentiation. Oligodendrocyte precursor cells (OPC) found at birth in the optic nerves are self-renewing cells that normally differentiate during the first 3 weeks of rodent postnatal life into postmitotic myelinating oligodendrocytes. In vitro, the addition of T3 to OPC is sufficient to trigger their terminal differentiation. The present analysis of T3 receptor knockout mice reveals that the absence of all T3 receptor results in the persistence of OPC proliferation in adult optic nerves, in a default in myelination, and sometimes in the degeneration of the retinal ganglion neurons. Thus, T3 signaling is necessary in vivo to promote the complete differentiation of OPC. T hyroid hormone (3,5,3Ј-triiodo-L-thyronine, T3) acts directly at the transcription level by binding to nuclear receptors (TR␣1 and TR␤1, TR␤2, TR␤3) encoded by both TR␣ and TR␤ genes to control a number of physiological and developmental processes. During the late embryonic postnatal period, T3 action is critical for brain development. However, although both hyperthyroidism and hypothyroidism are known to affect directly or indirectly the proliferation, apoptosis, migration, and differentiation of several neuronal and glial cell types (1, 2), only subtle brain defects have been reported to date in the nervous system of TR knockout mice (3, 4). Moreover, knock-in point mutations recently led to contrasting results that are difficult to interpret (5-7). In the rodent optic nerves, oligodendrocyte precursor cells (OPC) differentiate during the first postnatal weeks to give rise to the oligodendrocytes that synthesize myelin around the axons of the retinal ganglion cells (RGC). The in vitro culture of newborn optic nerve OPC (8-10) has offered a unique opportunity to study the precise influence of T3 on the differentiation of this category of glial cells (reviewed in ref. 10). This in vitro model has been extensively investigated, and a number of studies confirmed the direct effect of T3 on OPC differentiation. However, the fact that retinoic acid or glucocorticoids can substitute to T3 to trigger in vitro OPC differentiation (9, 11) raises the question of the respective importance of these factors in vivo. The respective contribution of TR␣ and TR␤ in OPC hormonal response is also unclear (8, 10, 12) . TR␣ is expressed at all stages of oligodendrocyte differentiation, whereas the status for TR␤ remains controversial. Based on RNA and protein analysis, TR␤ expression has been reported to be restricted to differentiated oligodendrocytes (13-16) or to occur in both OPC and oligodendrocytes (9, 17). To clarify the importance of T3 action in vivo and the respective functions of TR␣ and TR␤ in OPC differentiation, we performed a detailed histological analysis of TR knockout mice lacking all TR␣ isoforms (18) (TR␣ 0 allele), all TR␤ isoforms (19), or both.
T hyroid hormone (3,5,3Ј-triiodo-L-thyronine, T3) acts directly at the transcription level by binding to nuclear receptors (TR␣1 and TR␤1, TR␤2, TR␤3) encoded by both TR␣ and TR␤ genes to control a number of physiological and developmental processes. During the late embryonic postnatal period, T3 action is critical for brain development. However, although both hyperthyroidism and hypothyroidism are known to affect directly or indirectly the proliferation, apoptosis, migration, and differentiation of several neuronal and glial cell types (1, 2) , only subtle brain defects have been reported to date in the nervous system of TR knockout mice (3, 4) . Moreover, knock-in point mutations recently led to contrasting results that are difficult to interpret (5) (6) (7) . In the rodent optic nerves, oligodendrocyte precursor cells (OPC) differentiate during the first postnatal weeks to give rise to the oligodendrocytes that synthesize myelin around the axons of the retinal ganglion cells (RGC). The in vitro culture of newborn optic nerve OPC (8) (9) (10) has offered a unique opportunity to study the precise influence of T3 on the differentiation of this category of glial cells (reviewed in ref. 10) . This in vitro model has been extensively investigated, and a number of studies confirmed the direct effect of T3 on OPC differentiation. However, the fact that retinoic acid or glucocorticoids can substitute to T3 to trigger in vitro OPC differentiation (9, 11) raises the question of the respective importance of these factors in vivo. The respective contribution of TR␣ and TR␤ in OPC hormonal response is also unclear (8, 10, 12) . TR␣ is expressed at all stages of oligodendrocyte differentiation, whereas the status for TR␤ remains controversial. Based on RNA and protein analysis, TR␤ expression has been reported to be restricted to differentiated oligodendrocytes (13) (14) (15) (16) or to occur in both OPC and oligodendrocytes (9, 17) . To clarify the importance of T3 action in vivo and the respective functions of TR␣ and TR␤ in OPC differentiation, we performed a detailed histological analysis of TR knockout mice lacking all TR␣ isoforms (18) (TR␣ 0 allele), all TR␤ isoforms (19), or both.
Materials and Methods
Knockout Mice. All knockout mouse strains have been described. They are viable and kept in a mainly C57BL͞129Sv background. Unlike TR␣ Ϫ/Ϫ mice used in previous studies (19, 20) , the TR␣ 0/0 mice used here do not express any of the TR␣ isoforms and display alterations in small intestine and bone development (18, 21) . TR␤ Ϫ/Ϫ mice are characterized mainly by an increase in the level of circulating T3 and thyroid-stimulating hormone (TSH), deafness, and color blindness (3, 4) .
mice that lack all TR isoforms are also viable and display many features of congenital hypothyroidism including growth defect (18, 22) . As they display very limited fertility, all of the TR␣ 0/0 ␤ Ϫ/Ϫ animals used in the present studies were obtained by crossing TR␣ 0/ϩ ␤ Ϫ/Ϫ animals. Control animals were from the same genetic background.
Preparation of Samples for Microscopy. For immunofluorescence analysis, animals were perfused with 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.5). Optic nerves were dissected, fixed for 24 h, and then transferred to 30% sucrose͞phosphate buffer (24 h), frozen (Ϫ50°C, 1 min), and sectioned by using a cryostat. Retina sections were performed after Bouin-Hollande fixation and paraffin embedding and were stained with hematoxylin and eosin according to conventional protocols. Glutaraldehyde (10% in phosphate buffer) fixation was used for electron microscopy analysis performed according to conventional protocols.
Immunofluorescence Assays. Cryostat transversal sections of optic nerves were labeled with the anti-NG2 rabbit antibody (Chemicon) specific for OPC (23, 24) . Astrocytes were stained with an antibody directed against the glial fibrillar acidic protein (Dako). RGC axons were detected by using an antibody directed against the phosphorylated 70-kDa neurofilament protein (Dako). Terminally differentiated oligodendrocytes were stained with an antibody directed against the myelin basic protein (25 mice. At this time, OPC were identified on optic nerve sections in all mice by using the NG2 antibody, confirming recent results obtained for TR␤ Ϫ/Ϫ mice (16) . Analysis of differentiated astrocytes and oligodendrocytes failed to detect major abnormalities in the optic nerve of any TR mutant mice (data not shown). Characterization of the optic nerve neuronal axons with an antineurofilament was also performed 15 days after birth for wild-type ( Optic Nerves. The histological studies described above were repeated with 6-month-old animals at a time where OPC, which normally disappear from optic nerve within 4 weeks after birth, are very scarce in wild-type animals. Immunohistological characterization of neuronal axons ( Fig. 1 C and D) , myelinating oligodendrocytes ( Fig. 1 E and F) , and astrocytes ( Fig. 1 G and  H) in the optic nerves was performed for wild-type ( Fig. 1 C, E (data not shown) mutant mice. This analysis failed to detect major anomalies. However, immunostaining with the OPC specific antibody (NG2) revealed a clearly abnormal situation in the 6-month-old mice optic nerves. It has been reported in rat that few OPC are present in adult optic nerve (26) . In 6-month-old wild-type mice, most optic nerve sections do not contain any OPC (Fig. 1I) , although one can be occasionally observed. We also did not identify OPC in TR␣ 0/0 optic nerves (Fig. 1K) , whereas some were detected in all TR␤ Ϫ/Ϫ sections (Fig. 1J ). This number was much higher in TR␣ 0/0 ␤ Ϫ/Ϫ mice (Fig. 1L) . The proliferation of the OPC was demonstrated by in vivo BrdUrd incorporation ( Fig. 1 M and N) . BrdUrd incorporation was completely absent in wild-type (Fig. 1M) and TR␣ 0/0 optic nerves even 7 days after the beginning of BrdUrd treatment. Proliferating cells were observed in TR␣ 0/0 ␤ Ϫ/Ϫ mice within 48 h (5 Ϯ 3͞section; Fig. 1N ) and only after 7 days in TR␤ Ϫ/Ϫ mice (data not shown). This difference suggests a possible cooperation of the two TR gene products in the arrest of wild-type OPC proliferation.
Nuclei staining in the optic nerves showed that the persistence of OPC proliferation was not linked to any significant increase in cell density (Fig. 2B) . Indeed, if apoptosis was not observed in wild-type adult optic nerve (Fig. 1O) , OPC proliferation was concomitant to an increased rate of cell death in TR␣ 0/0 ␤ Ϫ/Ϫ adults, as shown by the presence of pycnotic nuclei (data not shown) and by using the in situ TUNEL assay (Fig. 1P) . Because this assay can also label the Okazaki fragments present in cycling cells during the S phase, we optic nerves might result into myelination defects that would not be visible with conventional histological methods. We thus performed an ultrastructural analysis of optic nerve section by electron microscopy. This failed to reveal any obvious abnormality in 15-day-old TR␣ 0/0 ␤ Ϫ/Ϫ (data not shown) and 6-month-old wildtype mice (Fig. 3 A and C) . TR␣ 0/0 ␤ Ϫ/Ϫ optic nerve images ( Fig.  3 B and D) were clearly different. Although image analysis (National Institutes of Health IMAGE software) showed that the average ratio between the surface of compacted myelin and the surface of axons is not affected, the axonal shape was obviously abnormal in TR␣ 0/0 ␤ Ϫ/Ϫ , the contours of myelin bundles being irregular with concave portions (Fig. 3B) . High magnification observation revealed that the periaxonal collar (27, 28) , which normally consists in only one turn of myelin in wild type (Fig.  3C) , is often replaced by several turns of noncompacted myelin in TR␣ 0/0 ␤ Ϫ/Ϫ optic nerves (arrow, Fig. 3D ) and that myelin folds occasionally enter the central axonal area (not shown).
Degeneration of TR␣ 0/0 ␤ ؊/؊ RGC Layer in Retina. The axons protected by optic nerve oligodendrocytes belong to RGC. The possible consequences of the myelination defect on retina neuron survival were addressed by observing histological sections of adults wildtype (Fig. 4A) and TR␣ 0/0 ␤ Ϫ/Ϫ knockout mice (Fig. 4B) retinas. No significant changes in cell density were observed in the retina neuronal outer and inner neuronal layer. By contrast, a significant knockout mice are indeed able to bind DNA and to repress T3 target genes expression in vivo (29) , and this aporeceptor activity may be responsible for the early delay in OPC differentiation observed in hypothyroid animals only. Our results mainly confirm that at least a fraction of OPC possesses a long-term proliferation capacity (30, 31) and does not use a cell-intrinsic timer to differentiate during the postnatal weeks (9, 17, (32) (33) (34) . According to our observations, T3, acting mainly through TR␤ but also through TR␣, stops the self-renewal and induces the terminal differentiation of these cells. OPC seems to be more abundant in adult rats (26) , suggesting that the control of their proliferation by T3 is more stringent in this species than in wild-type mice. Although undistinguishable in vivo, these late OPC proliferate more slowly in vitro and might constitute a distinct cell population (30) . We might expect that the permanent proliferation of OPC would result in a constant increase in optic nerve cell density. However, oligodendrocytes and OPC survival depend on axon contacts (9, 35) . It is therefore likely that a competition occurring between the cells for these contacts is responsible for the increased rate of cell death, which compensates for sustained proliferation.
Respective Function of the TR␣ and TR␤ Gene. The maintenance of OPC mainly in double knockout mice is a strong indication that both genes are able to mediate T3 signaling in OPC and that the T3 target genes responsible for OPC differentiation can respond to both TR␤ and TR␣1 at least in a knockout context. However, because limited changes have been observed in TR␤
animals, TR␤ seems to play a predominant role in OPC differentiation. This would be consistent with a significant expression of TR␤ in these cells (9, 17) . However, our data do not rule out the possibility that OPC start to express TR␤ shortly after an initial step in their differentiation pathway. This controversial matter can be addressed only by in vitro experiments.
Retina Degeneration as an Indirect Consequence of OPC Persistence.
The abnormal differentiation of oligodendrocytes seems to be a primary defect responsible for a late retina degeneration in a fraction of the TR␣ 0/0 ␤ Ϫ/Ϫ knockout mice. This is supported by the fact that cell death is restricted to RGC, the only retina cells to contact optic nerve oligodendrocytes. Furthermore, RGC express only TR␣ (3), and their death in TR␣ 0/0 ␤ Ϫ/Ϫ but not TR␣ 0/0 knockout mice is therefore very unlikely to be a cellautonomous process. However, as OPC persistence is observed in TR␤ Ϫ/Ϫ mice in the absence of retina degeneration, the possibility remains that the TR␣ mutation renders RGC more sensitive to a defect in axon myelination. The limited penetrance of this phenotypic trait suggests that the occurrence or timing of retina degeneration during TR␣ 0/0 ␤ Ϫ/Ϫ knockout mice aging is sensitive to unknown environmental or genetic factors.
Whereas the persistence of OPC in human adult brain is found in several pathological situations, including multiple sclerosis as a consequence of demyelination or various injuries (24), it has not been reported, to our knowledge, in the optic nerve. Retina degeneration limited to RGC is also rarely observed in human and is associated with optic atrophy (36) . It might have been unnoticed in the only reported case of TR␤ deletion in human who suffered from very low visual acuity and color blindness (37) . In conclusion, it seems that T3 is playing a subtle, but crucial, role in OPC differentiation, which has visible consequences on optic nerve and retina upon aging. 00 , TR␤ Ϫ/Ϫ , and TR␣ 0/0 ␤ Ϫ/Ϫ . For each retina, two median sections, including the optic nerve, were used. The average is plotted for each animal. All animals were from different litters. The wider distribution of the cell counts apparently for TR␣ 0/0 ␤ Ϫ/Ϫ retina prevents the use of conventional statistical tests. We thus performed the statistical analysis as follows. We made the assumption that the theoretical distribution is identical for the three other genotypes and calculated a confidence interval (318 Ϯ 25 RGC͞ section). This allowed us to define a threshold (293, P Ͻ 5%), under which the number of RGC is lower than normal. With this criterion, four of eight TR␣ 0/0 ␤ Ϫ/Ϫ retinas showed clear signs of RGC degeneration.
